, column with a mobile phase consisting of 0.1% sodium-octansulphonate, 0.05% triethylamine, 0.1% ammonium hydroxide in water:acetonitrile (45:55 v/v) 
Loperamide hydrochloride (4-(p-chlorophenyl)-4--hydroxy-N,N-dimethyl-diphenyl-1-piperidine butyramide hydrochloride), is an opiate agonist widely used as an effective drug for the control and symptomatic relief of acute non-specific diarrhea [1] . More recently, it has also been reported that loperamide could have some interest as an antihyperalgesic agent reducing pain without any central nervous system side effects [2] . Loperamide is orally administered and is moderately absorbed (about 40%) from the gastrointestinal tract to undergo first-pass metabolism in the liver and excretion in the faces via the bile as inactive conjugates (sulfo-and glucurono-combination).
The analysis of loperamide in bulk drugs and pharmaceutical products is well described in the literature [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] and it is mentioned either in the European [13] and the United States Pharmacopoeias [14] . In literature, stability of loperamide hydrochloride has been described in different pH solutions with various buffer species [15] . The high performance liquid chromatography (HPLC) was an official method in any pharmacopoeia for the analysis of loperamide hydrochloride, but this procedure is not suitable for the determination of loperamide hydrochloride in the presence of its acid degradation product or impurity.
The present work aimed to develop and validate a new RP-HPLC feasible, sensitive and specific analyticcal procedure, suitable for application in a drug quality control or regulatory laboratory analysis of loperamide hydrochloride, in the presence of its degradation products (Fig. 1) .
The analysis of degradation products obtained during the acid hydrolysis in hydrochloric acid solutions with various concentrations, at different temperatures, was presented in this paper. The developed analytical method was validated as per International Conference on Harmonization guidelines [16] and Serbian requirements [17] . Statistical tests were performed on validation data [18] . The validation consists of testing the method selectivity towards components and the assessment of method precision and accuracy [17, 20] at different concentration levels over the range investigated as well as the confirmation of the limit of quantization (LOQ) and the method linearity [17] [18] [19] . Adaptation of the proposed procedure for the analysis of the available dosage form, including expired ones, is also an important task in order to solve problems encountered in quality control. Moreover, kinetic studies and accelerated stability experiments to predict expiry dates of pharmaceutical products necessitate such methods.
EXPERIMENTAL

Samples
Standards substances of loperamide hydrochloride, 4-(4-chlorophenil)piperidin-4-ol and 4-(4-hydroxy-4-phenylpiperidin-1-yl)-N,N-dimethyl-2,2-diphenylbutanamide were kindly supplied by Zdravlje-Actavis, Leskovac. Loperamide tablets were kindly supplied by Zdravlje-Actavis, Leskovac. Each tablet is claimed to contain 2 mg of loperamide hydrochloride. 
Reagents
All chemicals used were of analytical grade and deionized water was HPLC grade. Hydrochloric acid, sodium octansulphonate, triethylamine, ammonium hydroxide and acetonitrile for HPLC were obtained from Merck.
Apparatus
The method development was performed with an Agilent 1100-Series HPLC system consisting of an Agilent 1100-Series with DAD detector and Agilent 1100--Series autosampler using a 20 μL sample loop (Faculty of Technology, Leskovac). The system was controlled and data analyses were performed with the Agilent HPLC Data Analysis software. The assays (repeatability) were performed with another LC system consisting of an Agilent 1100-Series binary pump and Agilent 1100-Series DAD detector (Zdravlje-Actavis, Leskovac). The detector was set at 226 nm and the peak areas were integrated automatically by the computer using the Agilent HPLC Data Analysis software program. The separation was carried out at ambient temperature using a ZORBAX Eclipse XDB-C18 column, (4.6 mm×250 mm, 5 μm). All the calculations concerning the quantitative analysis were performed with the external standardization by measuring the peak areas.
Chromatographic conditions
RP-HPLC analysis was performed by isocratic elution with a flow rate of 1.5 cm 3 min -1 . A mobile phase consisting of 0.1% sodium-octansulphonate, 0.05% triethylamine, 0.1% ammonium hydroxide (buffer) in water:acetonitrile (45:55 v/v). All solvents were filtered through a 0.45 μm millipore filter. Volumes of 20 μL of the solutions and samples prepared were injected into the column. Quantification was effected by measuring at 226 nm as established from the 3-D chromatogram. Throughout the study, the suitability of the chromatographic system was monitored the efficiency column and peak asymmetry.
Procedures
For preparing different concentrations, aliquots of the stock solution were transferred into a series of 10 cm 3 standard volumetric flasks and the volumes were made with the respective media. Ten different concen- of loperamide hydrochloride in mobile phase for a standard curve. The final concentrations of loperamide hydrochloride in the samples were calculated by comparing the sample and standard peak obtained with the average of three injections of standard solutions.
For studying the kinetic order of the reaction: in a 100 cm 3 volumetric flask, dissolve 4 mg of loperamide hydrochloride in 1 mol dm -3 HCl and complete to the mark with the same solvent. Transfer this solution into another clean dry conical flask and reflux in a thermostatically controlled water bath at 40 °C for 30 min. Take 1 cm 3 samples at 5 min intervals and neutralize with 1 cm 3 of 1 mol dm -3 NaOH. Inject the solutions in the liquid chromatograph using the chromatographic conditions described above. The concentration of loperamide hydrochloride is calculated from the regression equation. Plot the log % of loperamide hydrochloride remaining against time.
For studying the effect of HCl concentration on the reaction rate: in a 100 cm 3 volumetric flask, dissolve 4 mg of loperamide hydrochloride in 0.1, 1.0 and 1.5 mol dm -3 HCl and complete to the mark with the same solvent. Transfer this solution into another clean dry conical flask and reflux in a thermostatically controlled water bath at 40 °C for 30 min. Take 1 cm 3 samples at 5 min intervals and then complete as described in section for kinetic order of the reaction. Plot the log % of loperamide hydrochloride remaining against time for different concentration of HCl and calculate the rate constant.
For studying the effect of temperature on the reaction rate: dissolve two portions of 4 mg of loperamide hydrochloride in 100 cm 3 volumetric flasks and complete the volume with 0.1, 1.0 and 1.5 mol dm -3 HCl, respectively. Transfer these solutions into other clean dry conical flasks and then reflux in a thermostatically controlled water bath at 25 and 40 °C for 30 min. Take 1 cm 3 samples at 5 min intervals and then complete as described in section for kinetic order of the reaction. Plot the log % of loperamide hydrochloride remaining against time for different temperatures. Also, plot the Arrhenius plot for the effect of temperature on the rate of hydrolysis.
Procedure for tablets
A total of 10 tablets of studied pharmaceutical preparation (Loperamide, Zdravlje-Actavis, Leskovac, Serbia) containing loperamide hydrochloride were weighed and finely powdered using a pestle and mortar. An accurately weighed quantity of the resulting powder, equivalent to 2 mg (weight of one tablet) of loperamide hydrochloride was dissolved in 10 cm 3 of ethanol. Then it was filtered directly into a 10 cm 3 standard volumetric flask. For HPLC determination, aliquots (1 cm 3 ) of loperamide hydrochloride were taken and suitably diluted with the mobile phase in order to get a 20 μg cm −3 concentration and the samples were injected into the chromatograph.
RESULTS AND DISCUSSION
High performance liquid chromatographic analysis
A simple isocratic high-performance liquid chromatographic method is described for the determination of loperamide hydrochloride in the presence of its degradation products without prior separation. Foremost, to optimize the HPLC assay parameters, the type of column and its dimension, mobile phase condition, and choice of wavelength of detection were investigated. Different types of stationary phase XDB-C8 and a ZOR-BAX Eclipse XDB-C18 column with different dimensions and particles size were used. It was found that the ZORBAX Eclipse XDB-C18 column (4.6 mm×250 mm), with a particle size of 5 μm gave the most suitable resolution. Satisfactory separation of used standards was obtained with a mobile phase consisting of 0.1% sodium octansulphonate, 0.05% triethylamine and 0.1% ammonium hydroxide in water:acetonitrile (45:55 v/v).
Corresponding HPLC chromatogram of standard loperamide hydrochloride and the HPLC chromatograms of its products after acid hydrolysis (0.1 and 1 mol dm -3 HCl) at 40 °C, recorded at 226 nm, are shown in Fig. 2 .
The obtained compounds during acid hydrolysis were identified by use adequate standards. At retention time of 1.672 min was identified loperamide hydrochloride. At 1.265 min was noticeable its acid degradation products 4-(4-chlorophenil) piperidin-4-ol (Fig.  2c) , which was obtained during acid hydrolysis with 1 mol dm -3 HCl. But at 1.457 min was detected 4-(4-hydroxy-4-phenylpiperidin-1-yl)-N,N-dimethyl-2,2-diphenylbutanamide (Fig. 2d) , product of acid hydrolysis with 0.1 mol dm -3 HCl. Based on identified degradation products (impurity C and D, Fig. 1 ), the proposed scheme for preparing the degradation products of loperamide hydrochloride by acid hydrolysis is shown in Fig. 3 .
The chromatographic parameters, such as efficiency column and peak asymmetry were reconsidered for the loperamide hydrochloride standard (Fig. 2b) . According to the obtained value of Number of Theoretical Plato (N = = 6705), the conclusion is that the efficiency column is satisfactory (HETP = 0.0372). The asymmetry peak value of 0.717 indicates that the peak is not ideally symmetric, that is, it is not Gause's peak. Having in mind that W ab <W bc, this means that there is a certain interaction between the stationary phase and the investigated component.
The excellent linearity was obtained between the peak areas and the concentrations. 
Beer's law was obeyed in the range of 10-100 μg cm −3 . The chromatogram of loperamide hydrochloride was not changed in the presence of common excipients used in the pharmaceutical preparations. The chromatogram of the pure drug sample was matched with the formulation samples in mobile phase. The calculated t-values of 1.368 were found to be less than that of the tabulated t-values (2.225). Therefore, the proposed analytical method is specific and selective for the drug. The linearity range for loperamide hydrochloride estimation was found to be 10-100 μg cm −3 (r = 0.9972). Goodness of the fit of the regression equations was supported by high regression coefficient values. The accuracy ranged from 20 to 60 μg cm -3 ( Table 1 ). The excellent mean % recovery values, close to 100%, and their low standard deviation values (SD < < 1.0) represent high accuracy of the analytical methods. The validity and reliability of the proposed methods was assessed by the recovery studies.
The validity and reliability of the proposed methods was further assessed by recovery studies via standard addition method. The mean % recoveries (RSD) for concentration of 20 μg cm -3 are shown in Table 2 . These results revealed that any small change in the drug concentration in the solutions could be accurately determined by the proposed analytical methods.
Precision was determined by studying the repeatability and the intermediate precision. Repeatability (RSD) ranged from 20 to 60 μg cm -3 ( Table 3 ). The repeatability results indicated the precision under the same operating conditions over a short interval of time and the inter-assay precision. The intermediate precision expresses within-laboratory variations in different days and in different instruments. In the intermediate precision study, RSD values were not more than 2.0% in all the cases. RSD values found for the proposed analytical method were well within the acceptable range indicating that the method have excellent repeatability and the intermediate precision.
LOD and LOQ were found to be 0.72 and 2.38 μg⋅cm −3 for loperamide hydrochloride. The assay value of loperamide hydrochloride found in preparation was 98.20% with standard deviation not more than 0.0091%. Assay values of formulations were same as mentioned in the label claim indicating that the interference of excipient matrix is insignificant in estimation of loperamide hydrochloride by proposed analytical methods. The estimated drug content with low values of standard deviation established the precision of the proposed method. The calculated Student's t-values (1.98) did not exceed the tabulated values (theoretical values at 95% confidence limits is t =2.225).
Kinetics of the degradation
The loperamide hydrochloride degradation during acid hydrolysis and kinetics investigation was carried out in HCl solutions of 0.1, 1.0 and 1.5 mol dm -3 , at different temperatures (25 and 40 °C), by monitoring the parent compound itself.
For loperamide hydrochloride hydrolysis in 1 mol dm -3 of HCl at 40 °C the linear relationship was obtained by plotting the log concentrations of the remaining against time (Fig. 4) . Since the hydrolysis was performed in a large excess of HCl (1 mol dm -3 ), it follows a pseudo-first order reaction rate [21] which is the term used when two reactants are involved in the reaction but one of them is in such a large excess (i.e. HCl) that any change in its concentration is negligible compared with the change in concentration of the other reactant (i.e. drug).
Different parameters that affect the rate of the reaction were studied. The effect of temperature was studied by conducting the reaction at different temperatures using different concentrations of the acid solution (Figs. 5-8) . 
At each temperature, the rate constant was calculated and then log of rate constant was plotted against the reciprocal of the temperature (Arrhenius plot, Fig. 9 ) to demonstrate the effect of temperature on the rate constant. The activation energy was determined by calculating the rate constant [22] from the following equation:
where E a is the activation energy, T 1 and T 2 are the two temperatures degrees in Kelvin, R is the gas constant, and k 1 and k 2 are the rate constants at the two temperatures used.
The calculated E a was found to be 38.81 kJmol -1 , which was a comparatively low value for esters, suggesting the instability in acid medium. Different concentration of HCl solutions were used to study the hydrolysis increased with an increasing HCl concentration, although the effect was minor compared to the effect of temperature (Figs. 5-8 ) and (Tables 4 and 5 ). In conclusion, the acid hydrolysis of loperamide hydrochloride and its acid degradation products 4-(4-chlorophenil) piperidin-4-ol and 4-(4-hydroxy-4-phenylpiperidin-1-yl)--N,N-dimethyl-2,2-diphenylbutanamide was found to follow a pseudo first order reaction rate. Also, the reaction rate increases in the temperature and the strength of the acid solution. 
CONCLUSION
A new RP-HPLC method was developed and validated for the determination of loperamide hydrochloride in the solid pharmaceutical products. The analytical method is a simple, sensitive and selective method suitable for application in a drug manufacturing quality control or regulatory analysis laboratory of loperamide hydrochloride either in the pure powdered form or available pharmaceutical dosage forms. Moreover, a stability-indicating HPLC assay method was developed for the identification and separation of loperamide, its potential impurity or degradation products. At retention time of 1.672 min loperamide hydrochloride was identified. At 1.265 min was noticable its acid degradation products 4-(4-chlorophenil)-piperidin-4-ol, which was obtained during acid hydrolysis with 1 mol dm -3 HCl. But at 1.457 min was detected 4-(4-hydroxy-4-phenylpiperidin-1-yl)-N,N-dimethyl-2,2-diphenylbutanamide, product of acid hydrolysis with 0.1 mol dm -3 HCl.
The acid hydrolysis of loperamide hydrochloride was found to follow a pseudo first order reaction rate. Also, the reaction rate increases with the increase of temperature and concentration of HCl. Loperamide was found to be highly susceptible to 1 mol dm -3 HCl. However, general degradation from different cases (oxidation and UV-B photolysis) is possible but needs to be studied further by the developed HPLC method. 
